Abstract: The role of natural disasters has been largely overlooked in studies of South Pacific historical ecology. To highlight the importance of rapid-onset natural hazards, we focus on the contributions of volcanism in shaping landscape histories. Results of long-term research in the Willaumez Peninsula on New Britain in Papua New Guinea illustrate the wide range and complexity of potential relationships between volcanic activity and human responses. Despite frequent severe volcanic impacts, human groups have responded creatively to these challenges and over time may have developed particular strategies that coped with the demands of repeated refuging and recolonization.
In the pioneering book on historical ecology in the Pacific region, Matthew Spriggs rightly identified the key determinants of landscape evolution as (1) climate change, (2) natural disasters, and (3) human agency. Like the majority of the other contributions, he barely mentioned the second category, which included ''catastrophic events or sequences of events, such as volcanic eruptions, earthquakes or hurricanes'' (Spriggs 1997:80) . Instead, the majority of Pacific scholars have focused on natural and cultural processes that played out gradually over relatively long periods of time. The lack of attention to rapid-onset natural hazards is a serious flaw in our understanding of historical ecology in this area because their sudden and violent impacts pose a special challenge for human societies (cf. Cronin et al. 2008 Cronin et al. :2192 Cronin et al. -2193 . Recent scholarship in archaeology, however, well reflects a growing awareness resulting from modern disasters (e.g., Grattan and Torrence 2007:1, Cashman and Giordano 2008) . Our paper redresses the imbalance of research efforts in Pacific historical ecology by highlighting the relative roles of natural and anthropogenic factors in the formation of landscape histories played out in settings subject to natural disasters. To better illustrate the general processes, we provide concrete cases based on our interdisciplinary research on the Willaumez Peninsula in Papua New Guinea.
Although a range of natural disasters may comprise important elements of local historical ecology, we focus here primarily on volcanic activity because its role has been noticeably absent in previous studies of South Pacific historical ecology. This omission is surprising because volcanism has been an important element in the formation of these environments. In many cases it may also have seriously restricted the degree to which human agency could shape landscape histories. Many prehistoric human groups experienced explosive eruptions, as dramatically illustrated by the burial of well-known South Pacific archaeological sites under volcanic deposits (e.g., Garanger 1972 , Specht et al. 1988 , Cronin and Neall 2000 , Anson et al. 2005 , Bedford et al. 2006 . Cultural landscapes impacted by repeated volcanic hazards share general characteristics that set them apart from more stable settings and those that experience slow climatic change. Extreme levels of selection operate in these ''catastrophic environments,'' defined by Torrence and Doelman (2007:43) as those that experience ''frequent, very severe environmental perturbations,'' each of which is serious enough to cause local extinctions (cf. Hoffmann and Parsons 1997:23, Turner and Dale 1998) . In these situations human societies are unable to modify their behavior and remain in place permanently. Instead, the archaeological record of catastrophic volcanic settings is characterized by cycles of abandonment and (re)colonization (e.g., Sheets et al. 1991 , Sheets and McKee 1994 , Siebe et al. 1996 , Sheets 1999 , Machida and Sugiyama 2002 , Mastrolorenzo et al. 2002 , 2006 , Zeidler and Isaacson 2003 , Gaillard et al. 2007 ). In addition, the repeated occurrence of disasters often disrupts natural processes of succession so that the environment is permanently maintained in a relatively disturbed and immature state, a condition that in turn may yield special opportunities for colonizing populations. Despite the devastating consequences of volcanic activity, the fertile soils and useful raw materials (e.g., obsidian) provide strong inducements for human settlement.
Although settings characterized by high rates of volcanism comprise a substantial risk for cultural groups, recent scholarship has shifted from focusing solely on the environmental forcing agent to a consideration of the vulnerability of societies, which in turn is linked to factors such as social complexity, population, and intensity of land use (Torrence and Grattan 2002:5) . This new orientation has had its problems, however, because humans are conceived as victims rather than as active agents who creatively shape their responses to natural disasters. A better solution is to consider vulnerability, environmental hazards, and recovery as linked processes that unfold over long periods of time (Grattan and Torrence 2007:3) . The complex interactions between violent events, useful volcanic products, and human agency comprise fascinating material for analysis using the perspectives of historical ecology.
As a first step in encouraging studies of historical ecology in South Pacific volcanic environments, we review the basic types of hazards commonly found in these settings. Following the general description of each type, we draw on case studies from the Willaumez Peninsula, New Britain, Papua New Guinea, to illustrate how each component of volcanism contributed to the historical ecology. The case studies are devised to achieve two goals. First, they illustrate the wide range of field and analytical methods that contribute to the reconstruction of historical ecology in volcanic settings. Second, they provide a springboard for a general discussion of the potential role of explosive volcanism in historical ecology, not only in the South Pacific area but also worldwide.
explosive volcanism in the south pacific In this paper we focus on explosive volcanism that is typically derived from the plinian style of volcanic activity rather than the effusive volcanism classically associated with the Hawaiian style of eruption. In the South Pacific, plinian volcanism is located at the convergent plate boundaries where subduction is occurring. Good examples include the following volcanically active areas: the Solomon Islands, Vanuatu, Tonga, the Kermadec arc, and the North Island of New Zealand. In the Papua New Guinea region a complex of microplates forms a buffer between movement of the large Australian and Pacific plates. In our study area, on the island of New Britain, it is the Solomon Sea microplate to the south that is being subducted northward beneath the South Bismarck microplate (Bird 2003) . This is occurring at a rate of about 100 mm per year in the region of our case study in the Willaumez Peninsula (Wallace et al. 2004) . Plate tectonics has led to an array of explosive volcanism throughout New Britain that reflects magma generation from different depths across the subduction zone that progressively deepens to the north ( Johnson 1976 , Woodhead et al. 1998 . Our research has focused on volcanic activity derived primarily from two calderas that have been the source of major plinian eruptions in the Holocene. These are the Witori volcanic center, 50 km east of the Willaumez isthmus, and the Dakatau volcanic center at the northern tip of the Willaumez Peninsula (Figure 1) . tephra stratigraphy Although volcanic activity often causes a cultural disaster, ironically the same event may benefit later generations of archaeologists. The spectacular sites of Pompeii (e.g., Sigurdsson et al. 1985) and Ceren (Sheets 1992 (Sheets , 2002 ) illustrate how whole towns or villages and their contents have been buried and therefore preserved by deep falls of volcanic ash and/or lapilli or pyroclastic-flow deposits. Airborne ash (technically ''airfall tephra'') can also cover entire landscapes and freeze them in time. If there are multiple eruptions, a ''layer cake'' of volcanic deposits interbedded with levels of cultural material is formed. This tephra stratigraphy provides the essential backbone for relative dating and enables archaeologists, earth scientists, and physical geographers to correlate layers with distinctive physical and/or chemical characteristics over large areas (e.g., Sheets et al. 1991 , Sheets and McKee 1994 , Cronin and Neall 2000 , Torrence et al. 2000 , Lowe et al. 2002 , Machida and Sugiyama 2002 , Zeidler and Isaacson 2003 , Torrence 2008 .
Research into the interaction of human societies with the catastrophic environment of the Willaumez Peninsula, Papua New Guinea, provides a good example of the importance of a good tephra stratigraphy. In this case interdisciplinary research has built a regional Holocene tephra stratigraphy comprising nine explosive volcanic eruptions and identified four minor episodes with a more restricted distribution (Table 1) . These distinctive strata are used to correlate events among archaeological and environmental contexts spread across the entire region. As the result of extensive collaboration among (1) the archaeologists who expose numerous deep stratigraphic sequences through excava- tions and locate others through field survey; (2) the geologists, geochemists, and soil scientists who interpret and characterize the layers; and (3) dating experts, a highly useful tephrochronology has been reconstructed based on five of the volcanic eruptions that impacted the Willaumez Peninsula during the Holocene (e.g., Specht et al. 1991 , Machida et al. 1996 , Torrence et al. 2000 , Torrence 2002a , McKee et al. 2005 cf. Pavlides 2006) (Figure 2 Table 1) . The Holocene tephrochronology in the Willaumez Peninsula comprises the backbone for dating the archaeological deposits and has also been invaluable for studying landscape changes. Given the great thicknesses of material deposited near the volcanic center (e.g., Figure 3 ), one has to be careful in choosing a region where the full tephra stratigraphy can be accessed. The most practical solution is to focus on regions that were impacted only by airfall tephra (i.e., ''ash'') with thicknesses of 1 m or less, so that archaeological data are well preserved but still reasonably accessible. The two study regions that we have selected, Garua Island and the isthmus area at the southern end of the peninsula, are ideal sites for studying the impacts of tephra falls because they are located between the two major volcanic centers at Witori and Dakatau (Figure 1) .
The history and character of human social life and land use during the Holocene has been reconstructed through the interpretation of materials recovered from ca. 140 test pits (mainly 1 m 2 ) that are distributed widely across the two study areas (Figure 4 ) (Torrence 2002a ,b, 2004a , Specht and Torrence 2007a , Torrence and Doelman 2007 . Utilizing expertise on geomorphology, plant microfossils, diatoms, and coral ecology, the research team has also reconstructed the historical ecology in terms of (1) natural factors, including relative sea level change and volcanic activity and its consequences, such as earthquakes, erosion, and tsunamis (e.g., Boyd and Torrence 1996 , Boyd et al. 1999 , Jago and Boyd 2005 , Neall et al. 2007 , 2008 , Specht and Torrence 2007b , as well as (2) anthropogenic processes of land management such as burning and plant translocation (e.g., Parr et al. 2001 , Lentfer and Torrence 2007 . Unfortunately, due to the lack of contexts that preserve pollen, it has not been possible to adequately address climatic change in this research.
volcanic hazards
Geologists generally use the Volcanic Explosivity Index (VEI) of Newhall and Self (1982) to rank the scale of volcanic eruptions. Those in the range of VEI 4 to 8 are classed as cataclysmic or paroxysmal eruptions involving the eruption of between 1 and 10,000 km 3 of pyroclasts to heights of 10 to >25 km (Pyle 2000) . These eruptions pose very serious consequences for human groups, particularly for those living fairly close to the eruptive center. A good example is the 1991 eruption of Pinatubo of VEI 6 that forced evacuation of a very large area, much of which is still not able to be safely recolonized, and also affected global temperatures (Newhall and Punongbayan 1996) . Gaillard et al. (2007:225) noted that the ''eruption and its aftermath caused economic losses estimated at a billion US dollars, and wreaked havoc in the lives of two million people.'' As shown in Table 1 , most of the Holocene eruptions from our case study in the Willaumez Peninsula were VEI 5 or slightly higher, therefore posing extreme danger to human inhabitants. Also, given that the volcanic events consistently generated se-vere hazards for human societies over a long period of time, we can be in no doubt that the Willaumez Peninsula qualifies as a ''catastrophic environment.'' It is important to consider both the potential positive as well as negative impacts of volcanic hazards. Beyond the destruction zone, many of these same catastrophic processes also provide new opportunities for humans through the creation and remodeling of landscapes, the production of useful raw materials, and enhancement of soil nutrients (Grattan and Torrence 2007) . We consider the following key factors: (1) seismic activity; (2) tsunamis; (3) explosive eruptions that generate noxious gases, tephras, and lavas; and (4) geothermal activity. With the exception of geothermal activity, all of these happen suddenly, although with various degrees of prior warning. In addition, the scale and length of time over which they occur cover a large range. These natural hazards are markedly different from the low-risk, slow-onset variables that have been well described in studies of Pacific historical ecology. Having introduced the important concepts about volcanism and summarized our methods, we now turn to a discussion of the major factors that have conditioned historical ecology in Pacific volcanic environments.
seismic activity Due to the continuing movement of the Australian and Pacific lithospheric plates, much of the South Pacific region is characterized by active seismic activity, with accompanying earthquakes. Seismic activity varies in magnitude and frequency depending on the distance of a location from the active edge of each lithospheric plate or microplate. Most earthquakes result from faulting generated between the convergent or strike-slip (transcurrent) plate boundaries where plates are compressed and deformed by the processes of subduction or lateral offset. These earthquakes can show a large range in magnitudes and may represent some of the largest recorded. Lesser-magnitude earthquakes and volcanic tremors occur when magma makes its way toward the surface, and so ultimately these may accompany eruptive activity. This seismicity is usually localized within 10-50 km of the volcanic center.
Turning to our case study, the effects of seismic activity are evident from many major faults visible on contour maps and aerial photos of the Willaumez Peninsula. Together with large landslides associated with them, many appear to date within the period of human occupation (e.g., McKee et al. 2005:11-13) . Smaller faults that may have been associated with one or more earthquakes have also been identified during fieldwork. Movement along these could have led to collapses and landslides that had adverse effects on human settlements and gardens, although they might also have created new clearings in the forest that promoted the growth of early colonizing or sun-loving species like wild taros that were beneficial for human groups or created opportunities for new gardens. Although we have not yet observed clear connections between these features and human responses, it is worth stressing that, as in the present day, ancient people in the Willaumez Peninsula would have regularly experienced earthquakes of various degrees. Some of these would have caused local modifications and possible disruptions to drainages, forest resources, gardens, and settlements.
Within Garua Harbour there is abundant evidence for both localized uplift and subsidence caused by relatively recent tectonic activity (see review in Specht and Torrence [2007b:134-135, plate 6] ). Among the most obvious are large areas of dead corals that have been uplifted as much as 1 m above the high-tide mark since 1973. Also, in another area Torrence and Webb (1992; cf. Boyd and Torrence 1996) reported lines of oysters together with dead corals that are currently about 1 m above high-water mark. These indicate a sudden uplift episode interpreted as representing a large earthquake and are radiocarbon dated to ca. 410-185 cal. B.P. (Specht and Torrence 2007b:135, plate 5) . Although the evidence for this earthquake is best preserved along the coast, its effects would probably have been more widespread. Such an event could have caused severe damage to houses in the local area that might have led to fatalities, and, crucially, it might also have generated a tsunami.
tsunamis Tsunamis are a wave or series of waves that may suddenly inundate a coastline irrespec-tive of the meteorological conditions. Their nonmeteorological origin distinguishes them from storm waves. At sea they may travel very fast, at speeds of 1,000 km/hr, but in shallower waters they lose energy by frictional loss, interacting with the seafloor to slow to <65 km/hr. At the same time they build in height and may attain >30 m. They are most often generated by a displacement of the seafloor caused by tectonic faulting but are also created by accompanying earthquakes triggering submarine landslides or by collapse of volcanic edifices into the sea. Because they often travel over large distances, tsunamis can impact on groups well outside the source region, but those living close to active tectonic environments and volcanoes near the sea are generally at higher risk. Tsunamis are a formidable hazard that has not been given as much attention by archaeologists as is merited given the strengths of their impacts on mortality. A review of historical records concerning tsunamis created by volcanism found that these were responsible for as much as a quarter of the total deaths associated with volcanic events (Neall 1996) .
In the Willaumez Peninsula case, deposits that can be ascribed to tsunamis are surprisingly rare given the large number of explosive volcanoes and evidence for earthquakes. So far, the only example is on Boduna Island within Garua Harbour , but its effects on the local population are unknown. The 30 cm thick paleotsunami deposit consists of a coarse limestone gravel with a gray sandy matrix that is sandwiched within the well-established regional ash sequence. Older red brown, clay-rich tephras underlie the deposit, and almost 0.5 m of yellow brown friable loamy tephra overlies it.
Archaeological evidence for cultural disasters due to tsunamis in other areas of the South Pacific is also quite scarce, perhaps because in the past, people avoided placing their settlements in places they knew were risky based on past experiences (cf. Davies 2002) . The Kurvot site in Vanuatu, where tsunami deposits overlie cultural material, is a notable exception. Galipaud (2002:166) noted that this natural disaster may have had a longterm effect on local groups because subsequent settlements were shifted away from the dangerous coastal zone. Overall, the situation may resemble that for the North Pacific discussed by Johnson (2002) , Saltonstall and Carver (2002) , and Losey (2005) , who all stress that societies have been extremely resilient in the face of earthquakes and associated tsunamis and point out that these may even be conceived of as beneficial because they have led to the creation of new land ( but cf. Begét et al. [2008] for a different view).
The impacts of tsunamis are quite limited in spatial terms, generally within 50-150 m of the shoreline (e.g., Davies 2002:30) . Because the potentially dangerous area is more predictable than most volcanic hazards, groups can easily avoid the most serious consequences simply by placing their settlements outside that zone. Along these lines, it is interesting that through time, settlements on Garua Island appear to have been increasingly focused on inland zones rather than on the beach (Torrence 2002b) , although older coastal sites may have been removed by erosion following recent uplift.
noxious gases
Highly acidic and noxious gases can be associated with explosive eruptions. They comprise steam, carbon dioxide, and sulfur dioxide that can be emitted in large quantities, and hydrochloric acid, hydrofluoric acid, and ammonia in lesser amounts. All these gases are harmful if inhaled because they harm the respiratory system and irritate eyes and skin, sometimes causing acid burning. The effects are likely to be most severe on those living close to the volcano, particularly in low-lying areas where gases heavier than air may accumulate to toxic levels. On larger, high-elevation volcanoes the effects are less dramatic because the gases are likely to be dissipated by the wind (for an exception see Grattan et al. [2002 ), but a downdraft could concentrate gases in a localized area. The most disastrous case of mortality from noxious gases was in 1986 when an estimated 240,000 metric tonnes of CO 2 was suddenly released from Lake Nyos in Cameroon asphyxiating 1,746 people and 3,000 cattle in nearby valleys (Neall 1996) . Identifying the consequences of noxious gases in prehistoric cases is only possible when human remains have been preserved, but their consequences are still worth considering when reconstructing the potential hazards experienced in the past.
tephras Tephras comprise the most common and, generally, the largest-scale hazard created by explosive eruptions. Depending on the amount of material deposited, which is determined by the magnitude of the eruption, both the pyroclastic flows and airfall tephra that accompany this class of hazard can have extremely negative impacts on all life forms, and often they have markedly reshaped the physical environment. The various types of tephras and their impacts are well illustrated by the Willaumez Peninsula case study.
First, within the vicinity of the Witori and Dakatau volcanic centers, pyroclastic flows from a plinian eruption would have totally destroyed all human life and the plant and animal resources on which they depended, and would also have drastically altered the physiography. The scale of the pyroclastic flows in the Willaumez Peninsula varied among the five large Holocene eruptions, but the majority were restricted to within a ca. 20 km radius of each eruptive center. The W-K2 event was a notable exception. It generated pyroclastic flows tens of meters thick that traveled at great speeds (probably >100 km/hr) as much as 40 km, partially by ''skating'' across Kimbe Bay, although they may have moved only along a relatively narrow path (Machida et al. 1996) . We expect that many people would have escaped the direct effects of this type of hazard because there would have been considerable warning in the form of earthquakes. After very large eruptions, groups would probably have fled the most highly impacted regions. In contrast, some of the populations tens of kilometers away may have still been vulnerable to the flows.
Second, airfall tephras range in size from blocks, or volcanic bombs, the size of footballs to tiny particles less than 2 mm that are termed ''ash'' by volcanologists. In general, the farther one moves from the source, the smaller the size of the airfall material, but the scale of impact also depends on the magnitude of the eruption. Destruction of life forms from tephra can be caused by immediate impact or, over a broader area, by burial. Airfall tephras by themselves are rarely a direct cause of human mortality, except where they adversely affect air quality. Very dusty conditions, especially when the tephra contains toxic chemicals, can have immediate adverse impacts on health leading to death. In addition, if poisonous substances adhere to the surface of airfall tephras that have passed through a toxic eruption cloud, they can also cause harm (Grattan and Gilbertson 1994) .
The main effect of tephras on humans is indirect through damage inflicted on essential resources, such as by fouling water supplies and destruction of the plant and animal communities on which they depend. The degree of impact depends on the chemical composition of the tephra, the presence of toxins on its surface, its thickness, and local conditions such as potential buffering through local vegetation and geology. For example, tephra with high amounts of fluorine can cause immediate mortality and make areas uninhabitable for very long periods of time through contaminating both water supplies and food crops, ultimately impacting on human health (Cronin 2006) .
The severity of impacts resulting from airfall tephra also depends to a large degree on the climate and the season of the eruption because these set limits on how fast the biota can regenerate. For example, biological communities take much longer to recolonize areas buried by volcanic tephras in Alaska (e.g., Vanderhoek and Nelson 2007) than in tropical Pacific regions (e.g., Lentfer and Boyd 2001) , although there will be further variation depending on how far seeds, spores, and recolonizing species have to travel (Thornton 1996) . Based on previous studies, it has been observed that thicknesses greater than 50 cm of airfall tephra will strip the tropical forest canopy and destroy the ground cover to create a virtual desert. In the 20-50 cm thickness range trees will be defoliated, but some plants may be able to regenerate from buried roots and suckers or viable wood remaining aboveground. In lesser amounts of tephra, trees may be able to persist despite some loss of leaves, but many garden crops will not survive, especially in the absence of rainfall (Blong 1984 :316-355, Lentfer and Boyd 2001 , Torrence 2002a :301-302, Neall et al. 2008 . The potential for regeneration also depends on the chemical content of the tephra, but in all cases it will be deficient in elements essential for plant growth such as nitrogen and will lack organic matter. Many volcanic soils are highly favorable for agriculture due to their textural properties and chemical composition, but these properties are not shared by freshly deposited tephra. Soil formation over at least a generation, even in a tropical setting, is required to support wild vegetation sufficient to sustain a population or even for successful gardening.
The Willaumez Peninsula case study has benefitted from large-scale field mapping of airfall tephra thicknesses (isopachs) by Machida et al. (1996) . The regional picture has been enhanced by stratigraphic information collected from test pits in the isthmus study area (Figure 4 ). These data have been used to construct isopachs for the four Holocene Witori eruptions in the study area ( Figure  5 ), providing an excellent basis for assessing the volcanic hazard generated by the five large eruptions from the Witori and Dakatau volcanoes during the Holocene (cf. Boyd et al. 1999) .
Archaeological research by Pavlides (2006; pers. comm.) near Yombon in the southern foothills of the central Whiteman Range and the Lamogai Plateau found thicknesses of airfall tephra well over 20 cm from the W-K1 and W-K2 eruptions, as much as 150 km from Witori, and smaller thicknesses of the other Witori and Dakatau events. Archaeological data from Garua Island and the Willaumez isthmus confirm that after the W-K1 and W-K2 eruptions, thicknesses of >50 cm of tephra fell in both areas; the isthmus also experienced >50 cm of W-K3 tephra, lesser amounts of W-K4, and only a trace of tephra from the Dakatau Dk eruption. Sites on Garua had thicknesses of up to 1 m of Dk but only small amounts of W-K3, and W-K4 may be absent (Torrence and Doelman 2007: tables 3.2, 3.3) .
The large volumes of airfall tephra that fell on the Willaumez Peninsula largely mantled the existing landscape, but they had more profound effects on coastal environments. A targeted study of the southeastern side of the isthmus based on data on buried corals, sediments, and phytoliths showed how the accumulation of thick layers of Witori tephras augmented by material eroded from nearby slopes considerably extended the coastal plain ).
Unstable Tephras
Even after an eruption has terminated, deep falls of tephra compose an important hazard. New hazards are generated by the instability of loose, unconsolidated tephra. The debris is frequently remobilized into lahars that pose very serious hazards to communities located downslope from the volcano. Depending on how long after the eruption they are formed, they may still be boiling hot. Because it can take several generations for the slopes to stabilize, lahars compose a long-term hazard around the base of the volcano, as illustrated by the ongoing damage caused through flows and flooding near Pinatubo, which erupted in 1991 (Crittenden and Rodolfo 2002, Gaillard et al. 2007) . In this case the lahars have created (1) dams that form large lakes, but these regularly collapse, causing severe flooding; (2) vast, barren floodplains composed of coarse unsorted material; and (3) large tidal fans that have destroyed coastal resources.
After each eruption, remobilization of the tephras in the proximity of Witori Volcano probably reoriented drainage patterns, particularly in the floodplain of the Kapiura River to the north of the caldera. Massive alterations in landscape after the W-K2 eruption would have radically altered access routes to the nearby Mopir obsidian outcrops ( Figure  1 ). Together with risks caused by the ongoing instability of the tephras, it is not surprising that obsidian from this source largely disap-peared from archaeological sites for a considerable length of time after that eruption (e.g., Torrence et al. 1996 , Summerhayes et al. 1998 , Torrence 2004a .
Large-scale remobilization of tephras can also occur in regions quite distant from the volcano, leading to landslips, blockages of watercourses, and formation of coastal fans, and eventually to the creation of a coastal plain, as probably occurred on both Garua Island and on both coasts within the isthmus. The W-K1 tephra appears to have been particularly unstable, perhaps because it fell during the rainy season. It has a very patchy occurrence in the archaeological test pits in both our study areas, but thick redeposited layers are often identified in low-lying contexts (e.g., Specht et al. 1988:8-9 
Distant Effects of Remobilization
The enormous scale of potential landscape transformation resulting from the remobilization of deep falls of tephra can be hard to imagine, so we provide an example that is particularly impressive because the massive changes occurred at a considerable distance from the volcanic center. The data for this reconstruction were gathered through intensive mapping of horizons, benefitting from extensive modern drainage systems in the oil palm plantations combined with paleoenvironmental cores. Until about 6,000 years B.P. a large embayment on the west side of the Willaumez Peninsula (here termed Kulu Bay to distinguish it from the current Riebeck Bay) extended 17 km farther inland from the current coastline, covering an area of about 200 km 2 ( Figure 6 ). Coral dated at 6,733 G 32 years B.P. (Wk-15506) grew along the northern shoreline of this bay. After the W-K1 eruption between 6,150 and 5,770 cal. B.P., pumice was washed into the shallow waters of Kulu Bay, transforming the environment into a low-lying terrestrial swamp. After the W-K2 eruption, the swampy environment was overwhelmed by a massive flood of pumice derived from the Kulu-Dagi River, inundating all the lowland. These redeposited beds are dominated by cross-bedded pumiceous fine and medium sands. They vary in places to fine pumiceous gravel; toward the upper contact clayey sand may be preserved. Small upward-fining sequences are preserved in some places with fine horizontal laminations.
Close to the point where the river exited from the surrounding hills, the redeposited surface steepens in gradient, narrows, and forms a prominent terrace on the Tili oil palm estate (here named the Tili surface). This demonstrates a massive discharge immediately after the W-K2 eruption, around 3,500-3,200 cal. B.P., unlike any subsequent alluvial event in the region. Our interpretation is that either heavy rains remobilized W-K2 pumice from the steep slopes of the headwaters of the Kulu-Dagi River immediately after the eruption (as happened around Mount Punatubo in 1991) and/or ephemeral dams may have been created from unstable debris, mobilizing large volumes of pumiceous sediment. By extrapolation, our estimates for the volume of redeposited material are between 0.2 and 0.4 million m 3 . This sediment was either carried directly by floodwaters or released by a sudden dam collapse to create a megaflood that radically transformed the lower catchment downstream of where it exits the hills. Consequently, much of the former Kulu Bay was infilled within a relatively short period of time.
A Punctuated Prehistory
More than a decade of research in the Willaumez Peninsula has produced a clear picture of the relationship between humans and natural disasters caused directly by airfall tephra or its remobilization. The Holocene volcanic eruptions led to a punctuated population history, characterized by repeated cycles of colonization and extinction, that when viewed overall yielded very slow population growth (Torrence and Doelman 2007) . Whereas the long-term influence of volcanism on human history is to reduce the potential for growth, the role of specific disasters in causing shortterm cultural change is less clear.
Volcanism on the Willaumez Peninsula . Torrence et al. Given their potential impacts as measured by their thicknesses and the history of their redeposition, one would expect that the airfall tephras would have precipitated very serious cultural disasters after the W-K1 and W-K2 eruptions throughout the region stretching from Witori to at least 150 km to the west. The Dakatau Dk eruption would have devastated the northern end of the Willaumez Peninsula. After all these events, not only were the lands owned by people living in the study region made uninhabitable, but the homes and gardens of their neighbors were also destroyed, making it very difficult for populations to find refuge for the several generations necessary before resettlement would have been possible. Tephra thicknesses resulting from the W-K3 event would also have forced abandonment of the two regions, although regeneration would have been much faster. W-K4 would have had serious impacts for the isthmus region but much less for Garua Island.
It is not surprising that the archaeological record shows local extinctions of human populations in the study areas following all the volcanic disasters. Even with Bayesian modeling, however, it is difficult to reconstruct the exact periods of abandonment due to the statistical nature of radiocarbon chronology. If one uses the modes, it is clear that all the eruptions caused depopulation for long periods of time, and there is a general correlation between the scale of the airfall tephra and the length of abandonment (Table 2) (Petrie and Torrence 2008) . This repeated pattern of extinction followed by colonization sets the parameters within which human populations had the potential to interact with the natural environment.
Clearly, the timing of the colonization in relation to the state of recovery of the ecosystem and the stabilization of sediments would have been critical. Did populations wait until the forest had completely regenerated or did some take advantage of the disaster to make gardens in land cleared as a consequence of the tephra falls? There is a hint in our data that people may have preferentially targeted hill-and ridgetops in the inland regions as the first places to recolonize, possibly because less tephra was preserved in those localities due to immediate posteruptive erosion (Torrence and Doelman 2007:56-59) . Forest trees providing the only local terrestrial food sources may have survived in those locations. In contrast, the coastal zones would have been swampy and unstable due to the outflow of redeposited sediments that probably also had a negative effect on marine resources.
As shown in Table 2 , when the data are viewed in terms of single eruptions, the correlation between strength of the volcanic forcing agent and human response is not totally straightforward, thereby indicating that cultural factors may have been important, perhaps along the lines of the ''random'' factors and ''novelties'' identified in the way natural systems have recovered from disasters (Hoffmann and Parsons 1997, Turner and Dale 1998) . For instance, the very long period of abandonment after W-K1 in the isthmus is difficult to account for solely on the basis of the volcanic disaster, especially when compared with W-K2, whose impact was higher but not markedly so. This raises the question of whether W-K1 resulted in very widespread human mortality and exceptionally slow population growth in surrounding regions and/or there was some special reason (e.g., cultural concepts of place) why populations continued to avoid this region (Torrence and Doelman 2007:53) . Similarly, the seemingly long gap after W-K3 on Garua Island does not have a clear relationship with the potential impact of the event, especially when compared with W-K2 or Dk, and so other factors must have affected the rate and nature of recolonization.
Another interesting point that arises from the case study is that the local extinction of a population due to a volcanic disaster does not necessarily lead to the collapse of a cultural system, although it may be a contributing factor to cultural change (cf. Manning and Sewell 2002 with Allison 2002 , Driessen 2002 ). In the case of the Willaumez Peninsula, the manufacture and use of obsidian flaked tools that have distinctive stems or tangs, known as ''stemmed tools'' (Araho et al. 2002) , survived the W-K1 eruption despite the long period of abandonment. In contrast, the cultural practices associated with them disappeared after the W-K2 eruption. At that time Lapita pottery was introduced to the Willaumez Peninsula. It is possible that the disaster resulting from W-K2 seriously disrupted long-distance interaction indicated by the widespread distribution of stemmed tools in Melanesia, and this contributed to the appearance of Lapita-style pottery (Torrence and Swadling 2008) .
Our discussion of the impacts of volcanic activity in New Britain on cultural change highlights the limitation of our case study in Volcanism on the Willaumez Peninsula . Torrence et al. the Willaumez Peninsula. Although the data provide an excellent example of the general characteristics of human history that derive from a catastrophic volcanic environment, they are not adequate for understanding cultural changes because human societies typically operate over much broader scales. In fact, the large scale of social systems and the length of networks may actually be an outcome of adaptation to the catastrophic environment itself. Not all explosive volcanic activity causes cultural disasters on as vast a scale as the large plinian eruptions from Witori and Dakatau. It is worth comparing these with a small eruption of the Numundo Maar volcano, located on the northern edge of the isthmus region (McKee et al. 2005:7-8) . This small crater (ca. 500 m diameter) exploded pyroclastic surges, scoria, and ash on several occasions sometime shortly after ca. 7,500 B.P. Deposits from the most recent eruption have formed a hard layer of tuff up to 4 m thick at the maar, thinning to 2 m within 1 km away and to 0.5 m at 5 km distant from the crater. Such an event would certainly have caused concern to the local community (represented by artifacts that are stratified under the tephra), but it seems likely that they would have been able to readily escape the immediate danger. Over the longer term, the small area covered by the compacted tephra would not have been able to support vegetation for many years. Only after the W-K1 eruption deposited a layer of loose airfall tephra over the top of the tuff, creating a medium in which plants could eventually grow, was this relatively small area capable of sustaining a human population, as evidenced by the presence of dense archaeological deposits immediately overlying it. Despite its small scale, however, this event could nevertheless have impacted on cultural practice and ideology and perhaps been incorporated into local cultural memory through oral history and myth.
useful products From a human perspective, the most important benefits of volcanic lavas are their use as raw material for various types of stone tools. Many highly prized volcanic stones and glasses were widely exchanged in the Pacific region both as raw materials and as finished products. The relatively coarse-grained stones were often used to make ground and polished axes and adzes, whereas the finegrained and glassy materials were flaked to yield sharp edges. Both types were also converted into distinctive shapes with important symbolic meanings that functioned as social currency (e.g., Firth 1959 , Torrence 2004b , Specht 2005 , Kirch and Kahn 2007 . Communities living in the vicinity of these desirable raw materials had the potential to create social capital by monopolizing access to these resources, developing specialist skills for manufacturing products, and organizing their transport to other regions. Consequently, within the wider Pacific region many volcanic stones played important social roles within an island or island group and also circulated among populations separated by very large distances (e.g., Collerson and Weisler 2007, Summerhayes 2007) .
Throughout the prehistory of the Willaumez Peninsula the most widely exchanged and valued volcanic stone was obsidian derived from three major source regions as well as from the Mopir source situated near the Witori Volcano . A shiny, distinctive stone such as obsidian would certainly appeal to the senses and is therefore perfectly suited for exchange (Torrence 2005) . In the form of unworked nodules, partly worked cores or preforms, and as highly worked products representing skilled craftsmanship, obsidian was passed among local groups and transported over enormous distances (e.g., Specht 1981 , Summerhayes et al. 1998 , Rath and Torrence 2003 , Torrence 2004a ,b, Summerhayes 2007 , Torrence and Swadling 2008 , Torrence et al. 2009 ). In addition, volcanic lavas (primarily rhyolite) that were probably sourced locally were used in the production of ground stone implements from the mid-Holocene up to recent times (e.g., Specht 2005 Specht , 2007 . Currently, little is known about whether and how they were traded, but the finding near Kimbe of a cache of 14 ground stone axe blades suggests that some were accumulated and traded as valuable objects.
Obsidian was first transported and possibly exchanged as soon as people colonized the Willaumez Peninsula, and it continued to be moved over various geographical scales up until the recent past (Specht 1981 , White 1996 . Because obsidian exchange has persisted perhaps as long as 40,000 years, despite the discontinuous settlement history of the Willaumez Peninsula, it seems likely that this kind of cultural behavior might represent a form of adaptation to this catastrophic environment. The social links forged by the exchange of obsidian (and possibly also of ground stone tools as well as many perishable materials) could have provided access to crucial places of refuge and other forms of assistance for people who often suffered the disastrous consequences of volcanic activity (Torrence 2004b, Torrence and Doelman 2007:52-53) . For this reason, the pattern of seeking out trading partners in other places was possibly maintained throughout the human history of the region.
geothermal activity
The most constant volcanic features in the Willaumez Peninsula are various forms of geothermal activity such as hot springs, boiling pools of mud, and geysers. Currently, the most active areas are at Pangalu and Talasea, on Boduna Island, along the east coast near the village of Patanga, at the top of Mount Garbuna, and scattered around the southern foot of Mount Garbuna (Heming and Smith 1969) . Although the position of these geothermal areas is relatively stable, and, in general, they have had few detrimental effects on human life or resources, new areas arise from time to time and can render patches of forest or fields unsuitable for use. In 2005 and 2008 the geothermal area on the summit of Mount Garbuna experienced minor explosions of steam-bearing reworked sediments that lasted several weeks (Smithsonian Institution 2005), but so far there have not been serious negative consequences for human life or essential resources.
Geothermal activity in the Willaumez Peninsula has possibly produced as many positive as negative human impacts. These areas attract megapodes, flightless birds that lay their eggs in the warm soils. Both eggs and birds provide a predictable and rich source of food, although overexploitation is a possibility. Colorful soils formed near the hot springs at Talasea and near Patanga were used as pigments and traded widely in the past (Specht 1981) . The hot water can also be useful as a medium for cooking.
anthropogenic factors Given the scale and frequency of environmental changes in volcanic environments and the resulting necessity for abandonment, refuging, and recolonization, human populations are frequently faced with simple, depauperate ecosystems. In such cases one might question the potential for the types of anthropogenic factors so often stressed in previous studies of the historical ecology of South Pacific islands (e.g., human subsistence and land-use practices leading to extirpation, extinction, deforestation, and erosion [e.g., Anderson 1989 , Enright and Gosden 1992 , Kirch and Hunt 1997 , Steadman 2006 ). Boyd and Torrence (1996) reported the results of a stratigraphic study of 30 sections largely from archaeological excavations on Garua Island supplemented by a study of coastal geomorphology (e.g., raised corals and fossilized beaches) on surrounding islands and the mainland. This was aimed at examining the possibility that prehistoric gardening practices led to periods of erosion as had been observed in other Pacific regions (e.g., Enright and Gosden 1992 , Gosden and Webb 1994 , Spriggs 1997 ). They noted that major episodes of erosion require the presence of exposed soils that can be mobilized by slope wash, slope creep, and runoff, and that human land clearance is only one potential cause. The destruction of vegetation due to the emplacement of airfall tephra is another factor that should be considered.
The Holocene sedimentary record on Garua Island holds remarkably little evidence for soil erosion. Boyd and Torrence (1996) described seven periods of erosion, identified with the assistance of the regional tephra stratigraphy, based on an analysis of 30 sections from archaeological sites, but only one of these, dating to the twentieth century, was convincingly associated with human activity. Only the earliest period of erosion could be accounted for by regional sea-level changes, three events were closely tied to volcanic activity in the form of airfall tephras, and the cause of two others was more likely due to tectonic factors than to human land-use practices.
Turning to evidence from plant microfossils, analyses of phytolith and starch assemblages taken from excavations on Garua Island and the Willaumez isthmus region (Boyd et al. 2005, Lentfer and indicate that humans were using fire to create breaks in the forest at least by the early Holocene (and possibly before that). By the middle Holocene this practice prevented natural succession following volcanic eruptions. Based on the presence of phytoliths, a series of economically useful plants was introduced through time beginning in the period after the W-K1 eruption. Both the plant microfossils and studies of tool use show that there was little if any changed land use from before to after the W-K2 eruption (i.e., pre-and contemporary with Lapita pottery) (Kononenko 2007, Lentfer and , contrary to previous predictions for an increase in the intensity of land use through time (Torrence et al. 2000 , Torrence 2002a ). Overall, there was a very slow increase in the intensification of landscape clearance after earliest settlement, but humans did not make a major impact on natural vegetation until after the last major volcanic eruption (Dk/W-K4) roughly 1,310-1,170 years ago, when there was a quantum leap in the degree of human interference in the successional sequence (Boyd et al. 2005, Lentfer and . Population levels, as monitored by the rate of deposition of obsidian artifacts, also follow the same pattern of very slow increase until after the major Witori and Dakatau eruptions had ceased (Torrence and Doelman 2007: 56) .
Pulling all the threads together (erosion, plant macrofossils, nature and intensity of tool use, and population levels), it is clear that the high frequency of severe volcanic disasters restricted the influence of human impacts on the historical ecology of the Willaumez Peninsula in comparison with other more stable environments described, for example, in Kirch and Hunt (1997) . The volcanic disasters intervened relatively frequently to grossly remodel the landscape and reset the ecosystem back to an early stage of succession, so perhaps there was less possibility for severe disruption of the ecosystem by human land practices, because the ecosystems had already been disturbed by volcanic activity. On the other hand, the volcanic eruptions may also have opened up new opportunities for populations. If human groups returned to the region during the early stages of succession, they would not have been forced to clear primary rain forest to establish gardens. Following proposals by Denevan (2001 Denevan ( , 2004 for the history of agriculture in Amazonia, it might have made sense for the first colonizers to develop techniques to maintain the soil fertility of their plots and/or to restrict regrowth in a swidden system of cultivation to secondary forest rather than adopt a wide-scale system of shifting cultivation that required clearance of primary forest. memory Many human societies retain the memories of previous volcanic disasters through oral traditions, myths, and religious practices. These may have played a beneficial role by providing the impetus to avoid dangerous areas, by alerting people about the onset of volcanic hazards, and by encouraging evacuation before the explosive phase of the eruption began, as has been observed with recent volcanic events elsewhere in the South Pacific region (e.g., Lentfer and Boyd 2001 , Cronin and Cashman 2007 , Gaillard et al. 2007 ; cf. Chester and Duncan 2007) .
Based on case studies in other areas of the world, we would also predict that volcanic disasters might be creatively incorporated into social practice and memory, especially within ritual and ideology (Grattan and Torrence 2007:10-11 ) (e.g., examples in Blong 1982 , Plunket and Uruñ uela 1998 , Elson et al. 2002 , Chester and Duncan 2007 , Dillian 2007 , Holmberg 2007 . To date there is very little evidence about how people in the Willaumez Peninsula conceived of volcanic activity and if they incorporated these concepts into their daily lives. A broken Lapita pot recovered from a modern spring in a location near geothermic activity (Specht and Torrence 2007a:90) may suggest ritual activity. Obsidian artifacts commonly found near hot springs and geysers in this region may also indicate that these areas held special significance. Finally, it is worth noting that because the important Kutau/Bao obsidian source was formed by an eruption that occurred after the region was first colonized, populations may have associated the obsidian with a powerful and frightening event. The ascription of special meaning to this stone may therefore help explain why material from this source and not others derived from the Willaumez Peninsula was most highly favored throughout prehistory and was the only obsidian widely dispersed outside the immediate region ,b, Summerhayes 2007 cf. Dillian 2007) .
On the contrary, it could be argued that catastrophic environments provide little opportunity for memory because of high mortalities, long periods of abandonment, the remodeling of the landscape, and the removal of potential landmarks (Torrence and Doelman 2007:53-55) . It is possible that some memories were retained among societies in the Willaumez Peninsula despite catastrophic environmental changes. For instance, the recolonization of inland regions was very rapid in some areas, suggesting that people had deliberately returned to familiar places. One example is Lapita-style pottery, found on the hills that had once surrounded the Kulu Bay, although this tidal embayment, heavily favored by populations in earlier periods, had been radically altered and was now an inland swamp. Although these hills might simply be convenient spots for placing dwellings, the deposition of small quantities of pottery away from the coastal settings more typical of that time period might also signify the special significance of these places (Specht and Torrence 2007a:89-90) .
historical ecology of catastrophic volcanic environments In a review of human responses to volcanic activity in Central America, Sheets (2007:85; cf. 1999) concluded that ''egalitarian societies with low levels of built environments, minimal reliance on intensive agriculture and domesticated staples, and low population densities exhibited the greatest resilience to sudden massive volcanic stresses.'' Based on our study of a single region, we propose that Sheets' argument is the wrong way around, probably because of his focus on single eruptions rather than exploring the long-term interactions between catastrophic environments and cultural groups. In other words, the small, mobile populations with flexible subsistence and social strategies and long-distance social ties that Sheets described are actually the outcome of evolution within the highly unstable volcanic environments both in New Britain and in Central America. The relative frequency of disasters has acted to keep populations low because these regions are periodically abandoned, but people have also found creative ways to maintain themselves within the region after a volcanic event (e.g., through using social links to provide refuges). In addition, they have adopted subsistence and settlement patterns that enable them to return quickly, for example through targeting areas least affected by tephra falls.
Although, when considered on the time scale of thousands of years, human societies have found ways to persist in volcanic environments, it is questionable to what extent and in what ways they can make a substantial and long-lasting impact on landscapes that are so radically altered periodically. It is in the realm of anthropogenic factors that the historical ecology of volcanic environments, and particularly those with frequent largescale eruptions, may differ from other types of settings. There is much more potential for human activity to disrupt mature ecosystems than those characterized by early stages of succession, because the latter are primarily made up of colonizing species that regenerate quickly. In fact, it is quite difficult to extract the signal of human modifications from those of an ecosystem in the process of recovering from a volcanic eruption (Lentfer and Torrence 2007) . It would be very interesting in future research to compare and contrast the long-term history of vegetation changes due to human agency in active volcanic environ-ments versus those in more stable island environments in the South Pacific.
The Willaumez Peninsula case study raises further issues that would benefit from comparative studies both within the Pacific region and further afield (cf. Torrence and Grattan 2002:11-15) . First, a broader range of studies about how humans have coped with, adapted to, and taken advantage of the products of volcanic activity is required to see if there are common strategies that have been developed across volcanic environments. To begin with, comparative studies of cultural disasters should examine variation in the strength and frequency of the environmental forcing agencies and identify the factors that have had the most impact. Second, better information is required concerning strategies that enable groups to survive disasters and, in particular, how they find refuge for long periods of time outside the afflicted region. We need to know how far afield people successfully find refuge and what social strategies are used to broker access to resources. Are victims limited to areas where they had already established social links, perhaps through exchange? From a methodological point of view, we need to know how to identify the arrival and subsequent impacts of an influx of refugees (e.g., Lilley 2004a,b) .
Another important issue demanding research is (re)colonization. It would be interesting to know if there are similarities in the way people have (re)colonized (1) landscapes after volcanic activity versus (2) islands never previously inhabited. Ideally, we would like to understand the relationships among population size ( both of the source population and the founding population), subsistence strategies, the length of time a region is abandoned, and the speed with which (re)-colonization takes place.
It seems possible that over a long period, populations resident in regions with active volcanism may have devised particular strategies that cope well with frequent cycles of abandonment and recolonization. These might include many of those noted for the Willaumez Peninsula (e.g., high mobility, flexible social forms and subsistence systems, the maintenance of long-distance social ties, the rapid adoption of new technologies, and other forms of cultural behavior). If so, then these groups might be preadapted for colonizing places that have never been settled before. In this light, the presence of obsidian from the Willaumez Peninsula in most of the earliest Lapita sites in Remote Oceania (Summerhayes 2007) may be more informative than just signaling the source of the populations.
conclusions Returning to our criticism of Spriggs' (1997) summary of the major factors that have shaped the historical ecology in the South Pacific region, it should now be clear that natural disasters, and especially volcanic hazards, demand more serious study than in past studies. Since the influential review of historical ecology edited by Kirch and Hunt (1997) , modern disasters, such as the eruption of Pinatubo and the Aceh tsunami, have no doubt raised the profile of these powerful forces and probably influenced recent archaeological scholarship (e.g., summary in Grattan and Torrence [2007] ), although hints about the importance of volcanism in the South Pacific had been in the literature for some time (e.g., Garanger 1972) .
In this paper we have used case studies from interdisciplinary research in the Willaumez Peninsula to illustrate the wide range of processes that impact on human groups living within active volcanic environments. We have tried to show that whereas these dynamic settings frequently produce cultural disasters, human groups have also responded creatively to these challenges. No environment is completely stable. All South Pacific islands are affected to some extent by climatic change, and many experience rapid-onset natural disasters, such as cyclones. We have argued that the factors that set active volcanic environments apart from other settings are the frequency of the hazards and the very large scale of their impacts. The next logical step would be to generalize our work even further by assessing the role of different kinds and degrees of (in)stability in the historical ecology of the South Pacific region. A revised and redated event phase sequence for the Reber-Rakival Lapita site,
